A model to study the effect of the roughness at the poly-Si/SiO 2 interface in silicon inversion layers on the electron mobility is obtained. Screening of the resulting perturbation potential by the channel carriers is taken into account, considering Green's functions for metal-oxide-semiconductor geometry, i.e., taking into account the finite thickness of the gate oxide. Mobility of electrons is evaluated at room temperature by the Monte Carlo method, taking into account the simultaneous contribution of phonon scattering, SiO 2 /Si interface roughness scattering, Coulomb scattering, and remote surface roughness scattering. The contribution of excited subbands is considered. The resulting remote surface roughness scattering is shown to be strongly dependent on the oxide thickness, and degrades mobility curves at low inversion charge concentrations. The results obtained show that the effect of this scattering mechanism cannot be ignored when the oxide thickness is below 5 nm, ͑as in actual devices͒, even when ͑as is usual͒ very high doping concentrations are used
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I. INTRODUCTION
Scaling complementary metal-oxide-semiconductor ͑CMOS͒ devices to smaller dimensions while maintaining good control of the short-channel effects, makes it necessary to reduce the gate oxide thickness in close proportion to the channel length.
1 Thus, for devices with gate lengths below 0.1 m, gate oxides thinner than 2 nm are needed. 2 The use of such thin oxides leaves inversion layer electrons very near the interface formed by the gate material ͓metal or polycrystalline silicon ͑''poly''͔͒ and the oxide, SiO 2 . This proximity is sufficient for the transport properties of the electrons in the channel to be modified by the imperfections of this interface:
3 the gate͑poly or metal͒/oxide interface is not perfectly smooth, and its deviation from an ideal plane ͑simi-larly to what happens with the oxide/semiconductor interface͒ produces a potential modification affecting the electrons in the channel. These potential modifications produce the electron scattering and consequently a degradation in their mobility. Different authors have experimentally shown a mobility degradation as the oxide thickness is reduced.
4 -8 Different mechanisms have been proposed as responsible for this mobility decrease: remote Coulomb scattering due to the charges in the depletion layer of the poly-Si, 7, 8 long range Coulomb scattering, 9 and even remote surface-roughness scattering. Li and co-workers developed a theoretical model describing how the electrons in the channel are scattered by the roughness of the gate/oxide interface. They showed that this scattering mechanism is of increasing importance as the gate oxide thickness is decreased to less than 10 nm. 3 In their model Li et al. assumed that the metal/oxide interface roughness was due to the fluctuation of the oxide thickness from its average value. They evaluated the change in the potential due to the oxide thickness fluctuation, and calculated the matrix element of the perturbation Hamiltonian in the electric quantum limit ͑only one subband͒, assuming the usual variational wavefunction for the ground subband. 10 The electron mobility limited only by this scattering mechanism was then evaluated in the relaxation time approximation. It is shown that this scattering mechanism is more important at low inversion charge concentrations where the contribution of excited subbands to the total transport properties is more important, mainly at room temperature. As a consequence, the contribution of the excited subbands has to be taken into account. Li and Ma obtained their results at very low temperatures, 4.2 K, at which phonon scattering is very weak and can be ignored. The situation at room temperature is completely different since phonon scattering becomes one of the main limitations to electron mobility. Moreover, very high doping concentrations in the MOS channel are required to control short-channel effects.
1 The high concentration of impurities produces an important degree of mobility limitation due to Coulomb scattering, mainly at low inversion charge concentrations. As the inversion charge concentration increases, this scattering mechanism is weakened by the screening of the channel carriers. Therefore, a realistic determination of the effects of the remote surface-roughness scattering at room temperature should take into account the simultaneous participation of the main scattering mechanisms, i.e., phonon scattering, Coulomb scattering and surface roughness scattering ͑due to the Si/SiO 2 interface͒. We have developed a model to describe the effect of remote interface roughness scattering on electron mobility ͑Sec. II͒. This model can be easily implemented in a Monte Carlo simulator ͑Sec. III͒, where, in addition, and simultaneously, the participation of phonon scattering, Coulomb scattering and Si/SiO 2 a͒ Author to whom correspondence should be addressed; electronic mail: fgamiz@ugr.es interface roughness is considered. Finally, using this Monte Carlo simulator, we calculated electron mobility curves taking into account this new mechanism. Poisson and Schroedinger equations are self-consistently solved in the structure to take into account the quantization of the inversion layer.
II. REMOTE SURFACE ROUGHNESS SCATTERING MODEL
We adopted the idea of Li and co-workers and assumed that the interface roughness is due to the fluctuation of the oxide thickness from its average value, t ox , according to Fig.  1 . So, at a given position r in the plane parallel to the gate, we assumed that the oxide thickness is given by
where T ox is the average oxide thickness and ⌬͑r͒ being the oxide thickness deviations from its average value, which are assumed to be correlated. This correlation is measured by the autocovariance function, which is assumed to follow an exponential law, 11 assuming a behavior similar to that of the oxide/semiconductor interface
where ⌬ m is the rms value of the oxide thickness fluctuations and L is the autocovariance length. At this point r, the potential well in the direction perpendicular to the interface is slightly different from the one corresponding to the ideal case ͑oxide thickness equal to the average T ox ). Let V T ox 0 (z) be the potential well in the direction perpendicular to the interface in the ideal case, that is to say, for an oxide thickness equal to the average T ox , and V t ox (r,z) the potential well in the direction perpendicular to the interface, at a point r in the plane parallel to the gate where the oxide thickness is given by Eq. ͑1͒. The remote surface roughness perturbation Hamiltonian is then given by
We have assumed that the two interfaces, poly-Si/SiO 2 and SiO 2 /Si are not correlated at all, and that the superposition principle is valid, i.e., we consider the remote surface roughness scattering and the usual surface roughness scattering ͑due to the SiO 2 /Si interface͒ as two different and independent scattering mechanisms. Thus, when we evaluate the surface roughness scattering rate ͑due to the fluctuations of the SiO 2 /Si interface from an ideal plane͒ we assume that the oxide thickness is uniform for the whole device. On the other hand, for the evaluation of the remote surface roughness scattering ͑due to the fluctuations of the poly-Si/SiO 2 interface from an ideal plane͒ we assume that the SiO 2 /Si is an ideal plane, as shown in Fig. 1 .
To obtain an expression for the remote surface roughness scattering rate Eq. ͑3͒ must be linearized. To do this we assume that the perturbed potential well V t ox (r,z) can be expressed as
where V T ox ϩ⌬ m (z) is the potential well in the direction perpendicular to the interface for an oxide thickness equal to T ox ϩ⌬ m . With this assumption, the perturbation Hamiltonian is expressed as
where The goodness of this approximation must now be tested. Figure 2 compares the perturbation Hamiltonian given by Expression ͑5͒ ͑open circles͒ with the exact perturbation Hamiltonian given by Expression ͑3͒ ͑closed squares͒ for a point r 0 in the plane parallel to the interface where the oxide thickness is t ox ϭT ox ϩ⌬(r 0 ), with T ox ϭ1 nm, and ⌬(r 0 ) ϭ0.15 nm. The rms value of the oxide thickness fluctuations, ⌬ m , is assumed to be 0.3 nm. As observed, the two curves almost coincide, thus proving that the proposed model accurately reproduces the exact perturbation Hamiltonian.
Using this approximation for the perturbation Hamiltonian, the matrix element for remote surface roughness scattering in the Born approximation is then given as
where kЈ is the electron wave vector before the scattering, k the electron wavevector after the scattering, qϭkϪkЈ, e is the electron charge, (z) the envelope function in the th subband, and ⌬͑q͒ is the Fourier transform of ⌬͑r͒. Therefore, to evaluate this matrix element, we have to previously evaluate ⌬V m (z) according to Eq. ͑6͒. Using the exponential model given by Eq. ͑2͒ for ⌬͑r͒, ͉⌬(q)͉ 2 is given by
The surface-roughness scattering rate for an electron with wave vector k in the subband and final state in the subband is given by
The surface roughness scattering potential is affected by the screening of the mobile electrons in the inversion layer. 13, 14 To include the effect of the screening we adopted the procedure developed by Fischetti and Laux in Ref. 14. Thus, the intrasubband matrix elements of the screened scattering potential are given by
where ⑀ Si is the dielectric constant of the silicon and q s, (q) is the screening parameter given by
where n is the population of the th subband, E F the Fermi level, the thermal wavelength of electrons in the subband , and the function g1(x) is defined in Ref.
14. F , (q) is given by
where G q (z,z 1 ) is the Green's functions for a MOS structure, that is to say, taking into account the finite oxide thickness T ox
where the coefficients A, B, and C are given by Similarly, the intersubband scattering transition is given by
Finally the surface-roughness scattering rate for an electron with wave vector k in the subband and final state in the subband is given by
III. MONTE CARLO CALCULATION OF ELECTRON MOBILITY
After having evaluated the scattering matrix elements due to the roughness of the poly-Si/SiO 2 interface, this scattering mechanism was added to a one-electron Monte Carlo simulator 15, 16 previously developed, in which, in addition, phonon scattering, surface-roughness scattering ͑due to the SiO 2 /Si interface fluctuations͒ and Coulomb scattering ͑due to doping impurities and interface-trapped charges͒ are taken into account. The Monte Carlo method is held to provide a more rigorous description of device physics than models based on the solution of fundamental balance equations.
Electron quantization in the silicon inversion layer has been taken into account, self-consistently solving the Poisson and Schroedinger equations ͑a detailed description of this simulation can be found elsewhere͒. [15] [16] [17] In this study, a nonparabolic six equivalent ellipsoidal ⌬ valleys model was assumed for the silicon conduction band, taking ␣ ϭ0.5 eV Ϫ1 , with ␣ being the parameter of nonparabolicity. This limited our study to low-electron energies ͑below 0.5 eV͒. We considered the poly-Si/SiO 2 and the SiO 2 /Si interfaces to be parallel to a ͓100͔ plane. In these conditions, the quantum size effects meant that the degeneracy of the six equivalent minima of the silicon conduction band breaks and the electrons were distributed into two sets of subbands: 13 one set resulted from the two equivalent valleys showing the longitudinal mass in the direction perpendicular to the interface (E 1 ,E 2 , . . . ). and the other one from the four equivalent valleys showing the transverse effective mass in the same direction (E 1 Ј ,E 2 Ј , . . . ). The electron effective masses were assumed to be those obtained for the silicon bulk: 13, 18 m t ϭ0.19m 0 , m l ϭ0.98m 0 , with m 0 being the free-electron mass.
For the phonon scattering, we considered acoustic deformation potential scattering and intervalley phonon events. The coupling constants for the intervalley phonons and the acoustic deformation potential were the same as in bulk silicon inversion layers. 18, 14 The phonon-scattering rates for inversion layers were deduced by using Price's formulation. 19 Here again, the use of bulk phonons is questionable, as the presence of Si-SiO 2 interfaces undoubtedly alters the dispersion of the phonons, their nature, and their coupling to the electrons. Previous studies 20 taking these effects into account in very idealized conditions showed that phonon-limited mobility is reduced by 20% or less 14 due to the presence of the Si/SiO 2 interfaces. Nevertheless, if such idealized conditions are relaxed, an even lower reduction is expected. For these reasons and due to the difficulty of dealing with the effects of the interfaces on the phonon-scattering rate, 14, 20 we ignored such effects, and assumed that bulk phonons are not influenced by the layered structure. For surface roughness scattering, the Ando model was taken into account, 13 screening the potential by means of the method developed in Refs. 14 and 21. Finally, Coulomb scattering was included using the model developed in Refs. 15 and 22. In our simulation, the electron energy was limited to 0.5 eV, since for higher electron energies the results obtained by the simulation are not likely to be very accurate, as a detailed bandstructure was not used. Accordingly, as the silicon band gap was set to 1.12 eV at room temperature ͑thereby setting the energy threshold for the impact ionization process͒, impact ionization was not included.
IV. RESULTS AND DISCUSSION
In the present work we attempt to show the effect of remote surface roughness scattering on electron mobility in silicon inversion layers with ultrathin oxide. To do so, we calculated electron mobility curves for different silicon dioxide layer thicknesses and different interface roughness parameters at room temperature, using the Monte Carlo simulator described above. In these calculations, we simultaneously took into account the contribution of the other scattering mechanisms which are important in these devices, in order to determine whether the real effect of this new scattering mechanism is masked, in practice, by the other scattering mechanisms. This is the reason why the first thing we did was to calculate electron mobility curves taking into account the usual scattering mechanisms ͑phonon, Coulomb, and surface roughness scattering͒ in a standard ultrathin oxide MOS field effect transistor, ignoring the effect of the remote surface roughness scattering. We considered a MOS structure with the following technological parameters: substrate doping concentration N A ϭ5ϫ10 17 cm Ϫ3 , interface trap concentration N it ϭ5ϫ10 10 cm Ϫ2 , SiO 2 -Si interface roughness parameters: L sr ϭ1.3 nm, ⌬ sr ϭ0.3 nm, and different oxide thicknesses ranging from T ox ϭ1 nm to T ox ϭ10 nm. A N ϩ -polysilicon gate with an impurity concentration of N D ϭ1ϫ10 20 cm Ϫ3 was assumed. Figure 3 shows mobility curves versus the transverse electric field for different values of the oxide thickness. In Fig. 3͑a͒ only phonon scattering and surface roughness scattering were taken into account, while in Fig. 3͑b͒ the effect of Coulomb scattering due to substrate doping impurities and interface charges is added. Figure 3͑a͒ shows there is no dependence of mobility on the oxide thickness when only phonon and surface roughness are taken into account, but when the effect of the Coulomb scattering is included ͓Fig. 3͑b͔͒ a slight dependence on the oxide thickness appears. In theory, and for a given value of the transverse effective field ͑or inversion charge concentration͒ the only dependence of these scattering mechanisms on the oxide thickness arises from the screening of the scattering potentials ͓Expressions ͑14͒-͑19͔͒.
Using for the poly-Si/SiO 2 interface remote surface roughness ͑RSR͒ the same parameters used for the SiO 2 -Si, our Monte Carlo simulator incorporates the effect of the RSR scattering. Figure 4 shows the same mobility curves as in Fig. 3 , but also incorporates the effect of RSR scattering with the model developed in Sec. II. Figure 4͑a͒ shows the electron mobility when Coulomb scattering is ignored. The effect of RSR scattering is to make electron mobility strongly decrease at low inversion charge concentrations. To understand this behavior, we compared the perturbation Hamiltonian for two values of the inversion charge concentration in a MOS structure with an average oxide thickness T ox ϭ1 nm, at a point r 0 of the plane parallel to the interface where the fluctuation of oxide thickness is ⌬(r 0 )ϭ0.15 nm, and the rms value of the oxide thickness fluctuations, ⌬ m , was assumed to be 0.3 nm. Figure 5 shows on the left axis the perturbation Hamiltonian ͓Expression ͑3͔͒ for both N inv values. As N inv increases, the difference in the potential well is more acute at the interface, but quickly vanishes as we move to the bulk silicon. On the contrary, for low N inv values, H RSR is weaker at the interface but decreases more slowly toward the silicon bulk. Figure 5 also shows on the right axis the wave functions of the electrons in the ground subband in both cases. As expected, the higher the N inv , the greater the confinement of the electrons towards the interface, and therefore, the less the penetration of the wave functions inside the silicon bulk. The scattering matrix element ͓Expression ͑7͔͒ receives both the contribution of the perturbation Hamiltonian and of the wave functions. Figure 5 shows how the decrease in the perturbation Hamiltonian is produced faster than the movement of the wave functions towards the SiO 2 -Si interface. As a consequence, the net effect is a decrease in the remote surface roughness matrix element as the inversion charge concentration increases, as shown in Fig. 6 ͑dashed lines͒. In addition, as the inversion charge increases, the potential scattering is more strongly screened by the mobile carriers. This can be observed in Fig. 6 ͑solid lines͒, where the matrix elements for intrasubband transitions in the ground subband is shown for both N inv values: screening reduces both matrix elements, although its effect is more important for high values of the inversion charge concentration. For the sake of comparison, Fig. 6 also shows the matrix element corresponding to an intermediate inversion charge concentration (N inv ϭ5.2 ϫ10 12 cm Ϫ3 in triangles͒. Figure 4͑a͒ shows there is a strong dependence of the remote surface roughness scattering with the oxide thickness, i.e., mobility curves for T ox ϭ10 nm and T ox ϭ5 nm almost coincide, but for oxide thicknesses lower than 5 nm a strong degradation appears in the mobility, mainly at low inversion charge concentrations. With greater oxide thicknesses, fluctuations in the thickness are, as expected, much less important: Fig. 7 shows the matrix element for intrasubband transitions in the ground subband at low inversion charge concentrations (N inv ϭ1.1ϫ10 12 cm Ϫ2 ) for two values of T ox : T ox ϭ1 nm ͑squares͒ and T ox ϭ10 nm ͑circles͒. The matrix elements for the thicker oxides are almost 2 orders of magnitude lower than those corresponding to thinner oxides. Figure 4͑a͒ shows how the mobility limited by the remote surface roughness scattering behaves qualitatively in a similar way to that due to Coulomb scattering, that is to say, it is very important for low inversion charge concentrations, and starts to increase as the inversion charge concentration increases. Figure 4͑a͒ shows that remote surface roughness scattering is an important scattering mechanism that should be taken into account when oxide thickness is thin enough. However, when Coulomb scattering is also considered, the effects of this new scattering source are partially masked by the contribution of Coulomb scattering. This is illustrated in Fig. 4͑b͒ , which shows the same mobility curves as in Fig.  4͑a͒ but incorporates and to the presence at the Si-SiO 2 interface of a interface trapped charge concentration of N it ϭ5ϫ10 10 cm Ϫ2 . The dependence of the mobility on the oxide thickness is much less acute in this second case, which means a lesser contribution of remote surface roughness scattering to the total mobility. Figure 8 shows the same mobility curves as in Fig. 4 but with a higher correlation length for the roughness of the poly-Si/SiO 2 interface, L rsr ϭ2.5 nm. According to Expression ͑8͒, a higher L implies a higher scattering rate and therefore a lower mobility curve. These effects are more evident in Fig. 9 , which shows the different contributions to the electron mobility of two values of the oxide thickness: T ox ϭ1 nm ͓Fig. 9͑a͔͒ and T ox ϭ10 nm ͓Fig. 9͑b͔͒ ignoring the effect of Coulomb scattering while in Fig. 10 the Coulomb scattering due to the bulk ionized impurities and to the interface trapped charges are taken into account. These figures show that the effect of remote surface roughness scattering is very weak for oxide thicknesses greater than T ox ϭ10 nm, where its effect can be ignored. However, for thinner oxide layers, T ox Ͻ2 nm, remote surface roughness is as important as Coulomb scattering, even when, as happens here, the doping concentration, and therefore the Coulomb scattering, is very strong. Therefore, in conclusion, the effect of remote surface roughness scattering has to be taken into account in the calculation of electron mobility curves in ultrathin oxide inversion layers. Finally, we would like to bring the reader's attention to the fact that until now, and in the development of the model described here, it has been assumed that the two interfaces, ͑poly-Si/SiO 2 , and SiO 2 /Si interfaces͒ are not correlated at all. In consequence, two independent and different scattering mechanisms exist ͓triangles in Fig. 10͑a͔͒ . This is true for high oxide thickness values. However, as the oxide thickness is reduced, a certain degree of correlation between the two interfaces is expected. The limit situation occurs when the two interfaces are conformal. This implies a constant oxide thickness and therefore a null remote surface roughness scattering; in such a case, only the surface roughness scattering due to the fluctuations of the SiO 2 /Si interface from an ideal plane would exist ͓circles in Fig. 10͑b͔͒ . The actual situation is a case in between the two extremes, and depends on the degree of correlation between the two interfaces. Thus, the actual mobility curve lies between the two mobility curves shown in Fig. 10͑a͒ . The proximity of the actual curve to one or the other curve will depend on the degree of correlation between the two interfaces, and, probably, on the oxide thickness.
V. CONCLUSIONS
We have obtained a model to study the effect of the roughness at the poly-Si/SiO 2 interface in silicon inversion layers on electron mobility ͑remote surface roughness scattering͒. Screening of the resulting perturbation potential by the channel carriers is taken into account, considering Green's functions for MOS geometry, i.e., taking into account the finite thickness of the gate oxide. Electron mobility is evaluated at room temperature by the Monte Carlo method by taking into account the simultaneous contribution of phonon scattering, SiO 2 /Si interface roughness scattering, Coulomb scattering, and remote surface roughness scattering. The contribution of excited subbands is also taken into account. We observed that remote surface roughness limited mobility behaves in a similar way to Coulomb scattering as the inversion charge increases, that is, it increases as the inversion charge increases. This is explained in terms of the perturbation Hamiltonian and the screening effect. The resulting remote interface roughness scattering is strongly dependent on the oxide thickness, and for currently available devices, the effect of this scattering mechanism cannot be ignored, even when, as usual, very high doping concentrations are used.
